Rift Valley fever (RVF) virus historically has been responsible for large explosive outbreaks of severe human and animal disease throughout Africa and, in 2000, the Arabian Peninsula (12) . The continued medical and veterinary importance of this mosquito-borne virus was again highlighted during the later part of 2006 and early 2007, when a large epizootic-epidemic occurred in northeastern Africa (9) . RVF virus outbreaks among livestock are economically devastating and often characterized by large sweeping abortion storms and significant mortality in adult livestock (primarily sheep, goats, and cattle), with newborn animal mortality approaching 100% (11, 15) . The majority of human infections result in a mild to moderate self-limiting febrile illness of short duration. However, in a small percentage (ϳ1 to 2%) of patients, the disease can progress to more serious complications, including acute hepatitis, encephalitis, retinitis, or a hemorrhagic syndrome, with a hospitalized case fatality of ϳ10 to 20% (34, 36, 37) .
Although low-level RVF virus transmission likely occurs within enzootic regions each year, the emergence of virus activity in large epizootic-epidemic cycles is periodic and associated with abnormally high rainfall events that allow for the abundant emergence of Aedes species floodwater mosquitoes transovarially infected with RVF virus and secondary vectors (9, (29) (30) (31) . These mosquitoes are thought to initiate outbreaks among livestock, particularly susceptible breeds of sheep and cattle. Human infections follow as the result of either direct mosquito transmission or from percutaneous/aerosol routes during the handling of aborted fetal materials or the slaughtering of infected livestock. The acute onset of large numbers of affected individuals and livestock during outbreaks can greatly strain public health and veterinary infrastructures.
Beginning in October of 2006 and continuing through December, heavy rainfall was recorded in the semiarid regions of south-ern Somalia and northeastern Kenya (http://www.cpc.noaa.gov/). This rainfall resulted in dramatic flooding in these areas and early warning reports of an increased risk of RVF virus activity throughout eastern Africa (2 and http://www.geis.fhp.osd.mil /GEIS/SurveillanceActivities/RVFWeb/indexRVF.asp). The first reports of unexplained febrile illness among humans emerged in the Garissa District of the northeastern province of Kenya during mid-December 2006 (9) . RVF virus infection among symptomatic humans and livestock subsequently was confirmed by the medical and veterinary authorities within Kenya. To assist in the rapid and high-throughput identification and surveillance of infected livestock throughout the country, a diagnostic laboratory employing both molecular and serologic assays was quickly established at the Ministry of Livestock and Fisheries, Central Veterinary Services Laboratories, in Kabete, Kenya.
While the initial focus of RVF virus activity occurred during December 2006 after heavy rains in the northeastern region of Kenya and southern Somalia, further widespread RVF virus cases subsequently were reported in central, southern, and western regions of Kenya and further south into central Tanzania as the heavy rainfall event shifted toward the south and west (http://www.cpc.noaa.gov/ and http://www.geis.fhp.osd.mil /GEIS/SurveillanceActivities/RVFWeb/indexRVF.asp). During the epidemic period (December 2006-May 2007), a total of 684 human cases and 155 deaths were reported in Kenya, with a further 114 cases and 51 deaths in Somalia and 264 cases and 109 deaths reported in Tanzania (1) . Furthermore, in Kenya alone, official estimates of total livestock production potentially impacted directly or indirectly by the RVF virus epizootic include an estimated 9 million native-zebu breed cattle, 3.5 million exotic-European breed cattle, 8 million sheep, 11 million goats, and 850,000 camels (http://www.communication.go .ke/ministry.asp?ministryidϭ14).
The RVF virus genome (approximately 11.9 kb) is comprised of three negative-sense, single-stranded RNA segments (S, M, and L). Like other members of the genus Phlebovirus, the ambisense S segment encodes the nucleoprotein (NP) in the antigenomic sense and the nonstructural (NSs) protein in the genomic sense (47) . The NSs protein functions in host cell transcription shutoff and the blocking of the host cell interferon response (28) . The M segment encodes several viral proteins in a single open reading frame, including the 14-kDa NSm, two major envelope surface glycoproteins (Gn and Gc), and a 78-kDa fusion of NSm and Gn (51) . The NSm proteins recently were shown to be nonessential for in vitro virus growth (22, 59 ) and shown to contribute to mammalian host virulence (4, 60) . The L segment encodes the virus polymerase (47) .
We report here results from the laboratory testing of over 3,000 specimens from livestock (cattle, sheep, goats, and camels) and wildlife collected throughout Kenya as part of efforts to survey the extent of the RVF outbreak and identify acutely infected animals. In addition to molecular and serologic testing, complete RVF virus genome sequences were determined and analyzed to provide the first comprehensive high-resolution examination of inter-and intraoutbreak RVF virus genomics and to highlight the dynamic nature of RVF virus ecology and evolution.
MATERIALS AND METHODS
Specimen collection and handling. Animal specimens were submitted to the Kenyan Ministry of Livestock and Fisheries, Central Veterinary Laboratories, in Kabete, Kenya, by following established Kenyan government policies. In response to the RVF virus outbreak, a diagnostic laboratory with both molecular and serologic capabilities was quickly established inside the virology unit diagnostic building. Each specimen received a unique identification number, and relevant data such as the date of collection, location of origin, species, approximate age, and Kenyan Veterinary Services identity number were recorded. To reduce the potential for cross-contamination, individual rooms were utilized for specimen sorting, specimen inactivation, total RNA extraction, quantitative reverse transcription-PCR (qRT-PCR) master mix setup, qRT-PCR amplification, and serologic testing. At all times, laboratory personnel utilized universal precaution techniques while conducting sample inventories and handling potentially infectious specimens. The processing and aliquoting of samples (serum, whole blood, or tissue) was performed using N-95 respiratory masks or powered airpurifying respirators under field conditions or in a laminar-flow biosafety cabinet. One serum or whole-blood aliquot was placed directly into 300 l of virucidal lysis buffer (2ϫ NC lysis buffer; Applied Biosystems) for qRT-PCR analysis, and a duplicate aliquot was utilized for RVF virus antigen capture and immunoglobulin M (IgM) and IgG enzyme-linked immunosorbent assays (ELISA). Animal tissue samples (ϳ100 mg) were ground in 500 l sterile phosphate-buffered saline, pH 7.2 (Gibco), using a ball bearing maceration shaker (GenoGrinder2000; OPS Diagnostics), and 50 l of resulting slurry was transferred into 300 l of 2ϫ NC lysis buffer (Applied Biosystems) by following techniques described previously (54, 55, 56) . The remaining blood or tissues samples were stored for later use in either Ϫ40°C freezers or in liquid nitrogen. With permission from the Kenyan government and under USDA permit, sera, tissues, and extracted total RNA identified as positive for RVF virus were transported in liquid nitrogen vapors in International Airline Transport Association-compliant safety dry shippers to the biosafety level 4 laboratory at the Centers for Disease Control and Prevention in Atlanta, GA, where they were inventoried and stored in liquid nitrogen for later virus isolation attempts under appropriate containment conditions. RVF virus qRT-PCR. The molecular detection of RVF virus RNA was performed as previously described (5) . To minimize potential cross-contamination, all enzyme reaction master mixes were prepared in a positive-flow HEPA-filtered PCR hood.
RVF virus serologic assays. RVF virus-specific antigen capture and IgM and IgG ELISAs were performed essentially as described previously (34) . Following heat and detergent inactivation, specimens (serum or whole blood) were tested by RVF virus antigen capture assays and anti-RVF-specific IgM and IgG ELISA. RVF virus antigen capture assays were performed on 4 dilutions of the diagnostic material (1/4, 1/16, 1/64, and 1/256), with anti-RVF virus-specific IgM and IgG ELISAs completed using inactivated RVF virus-infected Vero E6 cell antigens and tested using 4 dilutions of each specimen (1/400, 1/1,600, 1/6,400, and 1/25,600). Titers and the cumulative sum of optical densities of each dilution (SUM OD ) minus the background absorbance of uninfected control Vero E6 cells (adjusted SUM OD ) were recorded. Specimens were considered positive only if both the adjusted SUM OD and titer were above preestablished conservative cutoff values, which were set for antigen capture ELISA (Ն0.45 and Ն1/16), IgM ELISA (Ն0.75 and Ն1/1,600), and IgG ELISA (Ն1.5 and Ն1/1,600).
RVF virus RT-PCR and complete genome sequencing. Total RNA obtained directly from clinical specimens or after virus isolation on Vero E6 cells was amplified by conventional RT-PCR (Superscript III Platinum Taq HIFI polymerase; Invitrogen) by following protocols previously described (6) . For sequencing, a total of 21, 52, and 50 sequencing primers were used for the S, M, and L segments, respectively. Some additional strain-specific sequencing primers were used to cover difficult-to-sequence regions. Approximately 140 to 150 reads were obtained for each genome, resulting in an average sixfold redundancy at each base position.
Phylogenetic analyses. Sequence datasets were analyzed using Geneious (BioMatters), Seaview (21), the MAFFT alignment program (24) , and the PAUP* program, version 4.0b10 (Sinauer Associates, Inc., Sunderland, MA). For phylogenetic analyses, appropriate nucleotide substitution models were selected using Modeltest/Modelscore v3.7 and Akaike's information criterion (41 (49, 50) . To compare models, a total of three independent MCMC runs of 3.0 ϫ 10 7 steps, starting from a random tree topology, were combined (LogCombiner v1.4.7) and analyzed on the basis of Bayes scores (Tracer v1.4) calculated from the marginal likelihood posterior data. To ensure that the analyses had sampled the available tree space, individual runs were completed three to five independent times, starting with random tree topologies, and the results were analyzed by the software package AWTY (40) to confirm posterior convergence and that the overall MCMC chain lengths were appropriate. Statistical support values for individual phylogenetic nodes are indicated by integers above each tree branch and represent the percent highest posterior density values (% HPD; i.e., 1.0 ϭ 100% posterior support). Estimates of the time to the most recent common ancestor (TMRCA), in years prior to the date of collection of the most contemporary virus specimen, are indicated below each tree branch node.
Population genetics-based determination of distinct RVF virus lineages and detection of virus population expansion. Nucleotide sequences were collapsed into unique haplotypes, and a minimum spanning network (MSN) based on a 95% connection limit was created for each segment in TCS version 1.21 (10) . Based on those results, mismatch distributions were generated, and Harpending's raggedness index was calculated to assess the evidence of recent demographic or spatial expansion (43) . The timing of any potential population expansion event was calculated using the formula t ϭ /2l, where is the mutation rate in terms of substitutions/site/year and l is the length of the nucleotide sequence. Additional tests of selective neutrality that are particularly sensitive to population expansions or bottlenecks, Fu's Fs (20) and Tajima's D (53) tests, were performed along with estimations of nucleotide diversity using Arlequin version 3.11 (19) .
Analyses of intraoutbreak geographic and temporal correlation with RVF virus genetic diversity. Distance matrices were constructed for the genetic, geographic, and temporal data collected during the outbreak to look for patterns of isolation by distance (geographic versus genetic distance) or isolation over time (temporal versus genetic distance). Genetic distance matrices were generated for each segment in PAUP*4.0b10 (Sinauer Associates) using uncorrected P values. Geographic distances were calculated by designating a central point within the Kenyan administrative subdistrict in which a sample was collected, recording the latitude/longitude coordinates associated with that point, and subsequently taking the straight-line distances between all pairs of samples. Temporal distances were calculated using the collection date of each virus sample. Mantel tests and partial Mantel tests with 10,000 permutations were performed in XLSTAT (AddinSoft) to examine relationships between the genetic distance matrices of interest.
Virus segment sequence accession numbers. The sequences for the S, M, and L segments have been deposited in GenBank under accession numbers EU574057 to EU574087, EU574031 to EU574056, and EU574004 to EU574030, respectively.
RESULTS

Specimen collection, testing, and comparisons of assay performance (qRT-PCR and antigen capture, IgM, and IgG ELISAs).
A total of 3,250 specimens (serum, whole blood, or tissue) were tested from individual animals collected from 55 of 71 Kenyan administrative districts (Fig. 1 , Table 1 ). These specimens were collected over a 6-month period, with the earliest specimens collected in the Garissa District during December 2006. Of these, the majority were obtained from livestock species, including 1,226 bovine, 1,181 caprine, 641 ovine, and 110 camel specimens (Table 1) . A small number of wildlife specimens (a total of 92) also were tested. Evidence of RVF virus infection was detected (by either molecular or serologic assay) in 9.2% (289/3,250) of the specimens tested, with positive animals being found in 38 of the 55 administrative districts sampled (Table 1 ).
An earlier study had shown that the RVF virus-reactive IgM antibody duration is relatively short (39) . In that study, 73% of cattle were IgM negative by 2 months after acute infection, and all were negative by 6 months. Given the duration of this current RVF virus epizootic within Kenya from approximately November 2006 to May 2007, we characterize animals that were found to be RVF virus specific by PCR, antigen capture positive, and/or IgM antibody positive as recently infected (i.e., infected during the recognized time frame of this outbreak). Animals that were RVF virus IgG positive but IgM negative were characterized as past infections (i.e., animals that could have been infected in the early phase of this epizootic or prior to the recognition of this disease episode). In our study, approximately 56.4% of RVF virus-positive animals showed evidence of recent acute infection, whereas the other 43.6% were only IgG positive, indicating virus infection had likely occurred approximately 2 or more months prior to sampling ( Table 1) .
Comparisons of the performance of each diagnostic modality (qRT-PCR and antigen capture, IgM, and IgG ELISAs) were completed (Fig. 2) . As expected, the qRT-PCR assay (5) was more sensitive in the detection of the early acute viremia/ RNAemia phase of infection than antigen capture ELISA, with a total of 17 specimens that were identified as antigen capture ELISA negative but qRT-PCR positive ( Fig. 2A) . This difference seen with early-acute-phase samples likely reflects the higher intrinsic sensitivity of qRT-PCR in combination with the masking of antigenic epitopes following the early induction of host anti-RVF virus IgM and the lack of ELISAdetectable RVF virus antigen in later samples.
While the qRT-PCR assay is highly sensitive, it appears that the level of virus in the blood is greatly reduced as RVF virus-specific IgM and IgG levels rise. Of 163 acute-phase RVF virus-positive cases, only 3 were found to have RVF virus RNA levels that were detectable after becoming anti-RVF virusspecific IgM positive ( In addition to livestock species, evidence of RVF virus infection also was found in the small sample of buffalo and giraffe tested ( Table 1 ). The RVF virus antigen detection and RT-PCR assays are species independent; however, the format of the IgM and IgG assays is such that antibodies from different species may be detected with different efficiencies. While we know the current assay performs well with livestock species such as cattle, sheep, and goats (26, 34, 35) , the IgM and IgG assays have not been validated with other species such as camels or wildlife, so negative results with these species should be interpreted with caution. RVF virus-specific IgG positives were found in camels (23/110) and giraffe (3/7), and IgM positives were found in buffalo (Table 1) . These initial data suggest that a larger survey of wildlife (with appropriately validated assays) is warranted to more clearly determine the potential wildlife involvement in RVF virus epizootic and interepizootic periods. (Table 2 ). Where possible, RVF virus sequence data were obtained directly from the clinical specimens to reduce potential nucleotide variability introduced during virus isolation. We successfully obtained complete S, M, and L segment genome sequences for 27 of the specimens, with an additional 4 specimens yielding complete S segment genome sequences only (85 total segments). Typically, complete genome sequencing was successful with total RNA extracted directly from clinical specimens with RVF virus-specific qRT-PCR cycle threshold (C T ) values of less than ϳ30.0, which corresponds to calculated infectious virus titers of approximately 10 to 100 PFU/ml. The 31 virus specimens yielding complete RNA segment genome data were collected during a period of 6 months spanning the entire known epizootic period from early December 2006 through May 2007. Of these, 25 were collected from cattle, 3 from sheep, 2 from goats, and 1 from a buffalo, and they originated from throughout the affected regions of Kenya (Fig. 1, Table 2 ). Similarly to our previous work reporting the complete genome sequence data of 33 diverse RVF virus strains (6), little variation in the overall nucleotide lengths of the S, M, and L segments was found among the 2006-2007 viruses, with 1,690 to 1,691, 3,885, and 6,404 lengths obtained for the S, M, and L segments, respectively. Overall, the pairwise percent nucleotide identity differences between viruses present during the 2006-2007 epizootic were low, with 1.5, 1.6, and 1.1% found on the S, M, and L segments, respectively. Interestingly, these percent identity differences were larger than those found during previous large epizootic-epidemics in Egypt (ϳ0.2%; 1977-1979) and Mauritania (ϳ0.2%; 1987) (6) .
Both maximum-likelihood and Bayesian-based (BEAST) phylogenetic analyses of these virus sequences demonstrated well-supported evidence of the presence of two main RVF virus lineages (Kenya-1 and Kenya-2) circulating during the 2006-2007 epizootic (Fig. 3 to 5 ). The finding of multiple virus lineages circulating concurrently within this epizootic is in contrast to findings for the [1977] [1978] [1979] Egyptian and 1987 Mauritania RVF virus epizootics/epidemics, where only single lineages are apparent (Fig. 3 to 5 ). Twenty-five viruses formed a monophyletic Kenya-1 lineage with 100% posterior support. An internal sublineage (Kenya-1a; 100% posterior support) was formed within the Kenya-1 lineage by five viruses. In addition to the predominant Kenya-1 lineage, a separate and distinct lineage (Kenya-2) was revealed that contained a total of six viruses. Clear evidence of a recent RNA segment reassortment event between Kenya-1a and Kenya-2 lineages was found. RVF virus #0608 was found to have S and L segments firmly placed within the Kenya-1a lineage, but the M segment was firmly within the Kenya-2 lineage (Fig. 3 to 5 ), consistently with #0608 representing an M segment reassortant. Together these results indicate the presence of multiple virus genotypes during epizootics/epidemics within the east African geographic area of endemicity and that RNA segment reassortment (genetic shift) can contribute to RVF virus evolution.
Molecular evolutionary rates, selection of molecular clock/ tree coalescent models, and TMRCA. Following the successful generation and alignment of each complete segment data set, multiple Bayesian (BEAST) MCMC runs were completed with strict, relaxed uncorrelated exponential, or relaxed uncorrelated log-normal molecular clock parameters, as well as population size coalescent parameters of either constant population size, exponential growth, or logarithmic growth. Both relaxed clock models allow for the simultaneous calculation of molecular clock rate data along individual phylogenic lineages and allow for the lineage-dependent flexibility of estimated molecular clock evolutionary rates. A comparison of models revealed that both relaxed uncorrelated exponential and logarithmic molecular clock models were highly favored for the S, M, and L segments over a strict molecular clock model, as indicated by log-normal Bayes factors of ϳ22, 20, and 25, respectively. Given the substantial preference for relaxed molecular clock models, all subsequent in-depth Bayesian analyses utilized the relaxed uncorrelated logarithmic clock model.
Using these relaxed-model parameters, the overall molecular evolutionary rate (nucleotide substitutions/site/year) of the entire data set was in agreement with previously reported rates (6) . For each segment, the overall mean rate and 95% HPD interval for each segment was the following: S, 3.9 ϫ 10 Ϫ4 (2.4 ϫ 10 Ϫ4 to 5.5 ϫ 10 Ϫ4 ); M, 3.6 ϫ 10 Ϫ4 (2.6 ϫ 10 Ϫ4 to 4.6 ϫ 10 Ϫ4 ); and L, 2.8 ϫ 10 Ϫ4 (1.8 ϫ 10 Ϫ4 to 3.9 ϫ 10 Ϫ4 ). The more complex relaxed log-normal clock implemented in these analyses allowed for the estimation of the molecular evolutionary rates specifically for the 2006-2007 RVF virus lineages separately from all other viruses. Interestingly, the mean rates of the S, M, and L segments were approximately two-to fourfold higher than the overall molecular evolutionary rate of the entire RVF virus genome collection, consistently with the expansion of the effective population size and increased virus activity and nucleotide diversity during the outbreak. Mean molecular evolution rates for the Kenya-1 lineage were 7.6 ϫ 10 Ϫ4 , 4.0 ϫ 10 Ϫ4 , and 4.3 ϫ 10 Ϫ4 nucleotide substitutions/site/ year for the S, M, and L segments, respectively. Likewise, the calculated rates for the Kenya-2 lineage were increased, with mean values of 9.8 ϫ 10 Ϫ4 , 4.3 ϫ 10 Ϫ4 , and 3.0 ϫ 10 Ϫ4 for the S, M, and L segments, respectively.
The most recent common ancestor of any collection of genomes is defined, in a broad sense, as the most recently occurring ancestral genotype that is the progenitor of that group. 
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Consistently with previous analyses (6), the overall common ancestry of each of the three (S, M, and L) expanded complete segment datasets was found to be relatively recent, with the TMRCA of all samples coalescing toward values approximately 87 to 112 years before the present (Fig. 3 to 5 ). (Fig. 3 to 5) . Interestingly, these 31 viruses were most closely related to a representative RVF virus (#0523) detected in Kenya during the previous large East African outbreak that occurred during 1997-1998 (Fig. 3 to 5 ). The RVF virus lineages involved during both of these recent large outbreaks likely have been present in Kenya since at least the early 1980s, as evidenced by the formation of a single monophyletic group (100% posterior support) containing the S, M, and L segments of these viruses and an RVF virus (strain 21445) collected in 1983 (Fig. 3 to 5 ). In addition, the Saudi Arabian outbreak viruses of the large 2000 outbreak share a common ancestor with this Kenyan lineage, confirming earlier genetic data that indicated the recent introduction of virus into the Arabian Peninsula (6 While the shared evolutionary history of the 1997-1998 and 2007 RVF outbreak viruses is apparent on the basis of phylogeny, more detailed Bayesian analyses were completed to more fully characterize this relationship. These analyses indicated that the TMRCA of the 2006-2007 Kenya-1 and Kenya-2 lineages likely occurred shortly before or during the previous 1997-1998 outbreak (Fig. 3 to 5) . The mean and 95% HPD interval (in parentheses) TMRCA estimates for the S, M, and L segments of the 2006-2007 RVF viruses were 9.5 (4.5 to 16 years), 18.6 (13.1 to 24.4 years), and 16.5 years (10.0 to 22.1 years). Taken together, these data suggest that the progenitor virus of these two lineages of 2006-2007 outbreak RVF viruses was present sometime during the mid-to late 1990s. This finding was unexpected and adds substantial evidence for the endemic stability of specific RVF virus genotypes in the Kenyan ecosystem and clearly demonstrates the ability of a single RVF virus lineage to contribute to multiple periodic outbreak events over relatively long time periods.
Insights into RVF virus 2006-2007 epizootic ecology and shared ancestry with 1997-1998 East African outbreak. All 31 viruses identified during the 2006-2007 outbreak were phylogenetically grouped into a common Kenyan RVF virus lineage
Evidence of interoutbreak RVF virus expansion and ongoing virus lineage evolution since the 1997-1998 epizootic/epidemic. MSNs also demonstrated clear evidence of two main RVF virus lineages (Fig. 6) . Surprisingly, each lineage (Kenya-1 and Kenya-2) was more closely related to the 1997-1998 Kenyan outbreak prototype than they were to each other (Fig. 6) . The majority of haplotypes were found within lineage Kenya-1 and exhibited a star-like pattern, indicating possible recent demographic or spatial expansion, whereas lineage Kenya-2 was represented by only four haplotypes (Fig. 6) . Consistently with the phylogenetic analyses (Fig. 3 to 5) , a possible M segment reassortment event was observed (Fig. 6) .
Based on the identification of two distinct lineages in the outbreak, mismatch distributions and subsequent tests for pop- ulation expansion were conducted on each lineage independently and for each virus genome segment. Mismatch distribution analyses of the S, M, and L segments of lineage Kenya-1 provided strong evidence that an increase in virus population size and spatial distribution had occurred (Fig. 7A, Table 3 ).
However, no mismatch distributions for lineage Kenya-2 were significant, likely due to the small numbers of virus haplotypes (n ϭ 4) contained within the lineage (Fig. 7) . Further analyses utilizing the Tajima's D test (53) were completed and were consistent with significant evidence of either (Table 3) . Additionally, Fu's Fs test (20) , which is particularly sensitive to population expansion, demonstrated that the Kenya-1 lineage S segment recently had undergone significant expansion; however, values based on the M and L segments were not significant (Table 3) . This finding was unexpected and likely due to the intrinsic nature of Fu's Fs test, which exhibits atypical decreases in power with increasing sample size or numbers of segregating sites (42) . No significant results were observed for lineage Kenya-2 based on either test. Taken together, these analyses indicate that since the recent divergence of the Kenya-1 and Kenya-2 lineages, the Kenya-1 lineage has experienced significant expansion while the Kenya-2 lineage likely has not. Among the 2006-2007 RVF viruses, no correlation between genetic diversity and the time of specimen collection was found during the outbreak period (data not shown). Although this lack of association could be consistent with a young and/or rapidly expanding population, it is likely that the relatively short duration of the outbreak and sampling period obscured any detectable relationship. Similarly, no strong correlation of genetic and geographic distance was detected for the outbreak samples, although a weak signature of isolation by distance was observed for the lineage Kenya-1 S segment samples [r(AB) (an internal measure of correlation) ϭ 0.300; P Ͻ 0.05] (see Fig. S1 in the supplemental material) .
Using a population genetics-based approach, the timing of the observed population expansion for lineage Kenya-1 was calculated using an overall mutation rate of 2.9 ϫ 10 Ϫ4 nucleotide substitutions/site/year, as determined previously (6) . Given a value of 2.03 for the S segment, the expansion event would have occurred 2.05 years prior to the detection of the most recent Kenyan RVF virus outbreak. Estimates of expansion based on the M and L segments ( values of 8.5 and 13.594, respectively) placed the time of expansion slightly earlier, at 3.77 and 3.66 years prior to the 2006/2007 outbreak, respectively. These population genetics-based results were highly congruent with TMRCA data obtained independently by rigorous Bayesian estimation (BEAST) of the timing of the evolutionary origins and the most recent common ancestor of the Kenya-1 lineage (Fig. 2 to 4) . The mean and 95% HPD interval (in parentheses) estimates of the TMRCA for the S, 
DISCUSSION
The data presented here provide, for the first time, a comprehensive examination of complete virus genome sequence distribution and evolution during an outbreak and a description of the dynamics and development of a widespread epizootic among livestock in an area in which RVF virus activity is endemic. The results of diagnostic testing revealed approximately similar levels of recent RVF virus infection among the cattle, sheep, goats, and camels sampled during the outbreak period, indicating their importance in the development of the RVF virus epizootic ( Table 1 ). The high impact of RVF virus infection both directly (mortality/morbidity) and indirectly (economic/nutritional) on the human and animal population highlights the far-reaching effects of extensive epizootics. The importance and utility of a combined approach using both molecular (qRT-PCR) and classical serologic techniques (IgM and IgG) cannot be underestimated (Fig. 2) . During this large widespread outbreak, the majority of acute infections were identified by anti-RVF virus-specific IgM alone, with a relatively small proportion identified exclusively by qRT-PCR ( Fig. 2B and D) . While the real-time and high-throughput nature of qRT-PCR techniques are advantageous in certain circumstances over classical serology, the data presented here clearly demonstrate that diagnostic efforts for RVF virus infection must include a comprehensive approach for the detection of both virus/RNA and IgM/IgG antibodies (Fig. 2) . Due to the early induction of humoral immune responses, a substantial proportion of infected animals potentially are negative for the presence of virus RNA by the time infected herds are recognized and samples are taken. These data would advise against the sole reliance on qRT-PCR techniques for the early identification of nascent outbreak activity in either previously unaffected areas or areas in which the virus is endemic following the accidental or intentional release of this significant public health and veterinary pathogen.
The generation of a large number of complete virus genomes spanning the entire geographic and temporal distribution of virus activity during the 2006-2007 RVF virus epizootic/epidemic allowed us to more closely examine overall intraoutbreak genomics than was possible in previous studies, which were limited by the small numbers of viruses or genome regions analyzed (6, 14, 38, 46, 48) . In contrast with previous reports (6, 48) , which sought to examine the phylogenetic relationships of the Egyp- (Fig. 3 to 5 ). This contrast likely reflects differences in the initiating events of each respective outbreak. While the 2006-2007 epizootic/epidemic occurred within an area in which the virus is historically endemic, the Egyptian, Mauritanian, and Saudi Arabian genomic data likely represents the largely virgin-soil nature of these outbreaks, with single or limited introductions of virus genotypes into these areas.
However, the genomic diversity observed in the 2006-2007 outbreak still was much less than that observed among virus isolates collected in Zimbabwe in the 1970s during a period of either endemic or localized epizootic activity (52) . During this time period, virus isolates collected within a relatively small geographic area (ϳ170-km radius of the capitol city Harare) were found within several RVF virus lineages containing representatives from throughout eastern, western, and central Africa (Fig. 3 to 5) . Although Zimbabwe and Kenya both have historically been areas in which RVF virus activity is endemic, interesting differences in the ecologic maintenance of overall genomic diversity may exist between each location.
The clear ancestral relationship of the viruses detected in 2006-2007 with that of a previous RVF virus isolated 25 years previously in Kenya in 1983 from an Aedes mcintoshii mosquito was surprising and illustrates that the endemic maintenance of RVF virus in the Kenyan ecosystem can result from the continued presence of a specific RVF virus lineage (Fig. 3 to 5) . Since that time, reports of significant RVF virus activity/outbreaks have occurred a limited number of times, including the large 1997-1998 epizootic/epidemic (8, 61) . The direct ancestry of the 2006-2007 outbreak viruses from the viruses of the previous 1997-1998 outbreak was evident on the basis of phylogeny, with the most probable TMRCAs of all 2006-2007 viruses estimated to be either immediately prior to or during the 1997-1998 outbreak ( Fig. 3 to 5 ). This finding demonstrates the potential public health and veterinary impact of the reemergence of a single RVF virus lineage during at least a 10-year period resulting in large epizootic/epidemic events.
We provide here the first direct genomic data confirming ongoing RVF virus evolution and activity during the interepidemic period. While widespread and explosive RVF virus outbreaks are hallmarks of the virus life cycle, evidence of a cryptic enzootic cycle of transmission can be found among seroprevalence survey data of wildlife and human populations throughout Kenya (18, 23, 27) , with more direct data derived by virus isolation and transmission studies in vector populations during interepidemic periods (30, 32, 33) . Surprisingly, both Bayesian phylogenetic and population genetics-based estimates of the ancestry and population dynamics of the Kenya-1 and Kenya-2 lineages revealed an estimated time period of RVF virus activity and population expansion approximately 2 to 4 years prior to the 2006-2007 epizootic/epidemic (Fig. 3 to  5 and 7) .
To determine if the proper ecological conditions existed for this predicted increase in activity during this time period, the results of normalized vegetative difference imaging (NDVI) and risk analyses of RVF virus activity (http://www.geis.fhp.osd.mil/GEIS /SurveillanceActivities/RVFWeb/indexRVF.asp) were examined. of epizootic/epidemic events are complex, likely requiring the confluence of multiple factors, such as the availability of susceptible hosts, the presence of transovarially infected vectors, and environmental conditions conducive to virus propagation and dissemination.
Interestingly, further comparisons of the Kenya-1 and Kenya-2 lineages showed contrasting patterns of virus evolution between these two closely related groups. While significant evidence of expansion of the Kenya-1 lineage was demonstrated (Fig. 7, Table 3 ), the Kenya-2 lineage did not possess the same signatures of expansion despite the cocirculation of both lineages over the same time period. This may be due simply to the small sample size of the Kenya-2 lineage, but more likely it reflects the less prevalent nature of this virus lineage throughout the Kenyan ecosystem.
Consistently with previous laboratory and field reports (3, 6, 45) , the detection of a reassortant virus containing both Kenya-1 and Kenya-2 genome segments indicates that interactions and the exchange of genetic material between each lineage via superinfection are possible. These data, taken together, suggest that although RVF virus exists as a single serotype throughout its geographic range (47) , potentially biologically important differences in reproductive fitness exist among virus lineages and subpopulations in their natural environment.
The lack of an isolation by distance signature in the data from this outbreak suggests that the relative impact of the mosquito-borne dispersal of virus during the outbreak could have been significant, as some mosquito species potentially can travel over distances greater than 150 km (25) . However, it is more likely that these viruses were already distributed throughout the country as a result of earlier epizootics/epidemics. Taken together, these population genetics-based findings support a hypothesis of an apparent shift of RVF virus activity primarily due to alterations in overall rainfall patterns and the eruption of virus activity from local habitats rather than direct animal-to-animal or wave-like spread throughout the country.
The findings of ongoing RVF virus activity and evolution during intraepizootic/epidemic periods are significant and have implications for both the design of enhanced surveillance programs in regions throughout Africa in which the virus is endemic and future studies of RVF virus ecology. Our findings of RVF virus activity and population expansion without accompanying reports of human or livestock illness suggests that appropriate disease surveillance programs, coupled with the predictive power of NDVI, could identify areas with enhanced RVF virus activity risk and increase the likelihood of detecting otherwise cryptic RVF virus activity (7, 57) . Additionally, the early warning potential of NDVI analyses could allow for a window of opportunity for the prophylactic deployment of safe and effective RVF virus vaccines to target either areas at greatest risk or highly valuable livestock animals in areas in which the virus is endemic.
The recent introduction of another significant vector-borne veterinary pathogen (bluetongue virus serotype 8) into northern Europe illustrates the difficulties inherent in control efforts for arthropod-borne pathogens and their dramatic impact on international livestock trade (16, 17, 58) . A similar situation could be envisaged for RVF virus based on the evidence of the widespread geographic movement of RVF virus (6) over its evolutionary history. These data suggest that after introduction into previously unaffected regions, the rapid identification and control of a nascent RVF virus epizootic/epidemic will be critical to prevent widespread dissemination. Central to these future RVF virus control efforts are integrated diagnostic approaches similar to those described here and the close coordination of public health, entomologic, and veterinary authorities for the control of this significant health threat.
